Introduction
The control of mammalian cell proliferation by extracellular signals occurs largely during the Gl phase of the cell cycle. During this period, growth stimulatory and growth inhibitory signals transduced from the extracellular environment converge on the cell cycle clock operating in the cell nucleus. This apparatus, composed of cyclins and their associated cyclin-dependent kinases (CDKs), may respond by setting into motion an autonomous cell division program that carries the cells through S, G2, and M phases or, alternatively, by causing exit from the cell cycle into the quiescent GO state (reviewed by Sherr, 1994) .
Once formed and activated in Gl , complexes of specific cyclins and CDKs trigger cell cycle progression by phosphorylating critical cellular substrate proteins. Four mammalian Gl cyclins have been enumerated to date: cyclins Dl, D2, and D3 (D-type cyclins) and cyclin E. Expression of the D cyclins is rapidly induced upon exposure of cells to mitogens; this expression declines when mitogens are withdrawn or antiproliferative agents are added (reviewed by Sherr, 1994) .
Recent studies suggest that the major target of cyclin D-mediated phosphorylation is the retinoblastoma tumor suppressor gene product, pRB. Indeed, pRB may be the only important rate-limiting substrate of cyclin D-CDK complexes, in that the growth of cells lacking pRB no longer requires cyclin D (reviewed by Weinberg, 1995) .
In many types of human tumor cells, the expression of cyclin Dl is deregulated, favoring the phosphorylation and functional inactivation of pRB. Indeed, the cyciin Dl gene wasoriginally cloned as an oncogene, termed PRADl, that was found to be activated by chromosomal translocations present in the genomes of parathyroid adenoma cells (Motokura et al., 1991) . Consistent with the oncogenic role of cyclin Dl are observations that transgenic mice engineered to overexpress this cyclin in their breast tissue are prone to mammary adenocarcinomas while coexpression of cyclin Dl and myc genes in the lymphoid tissue of transgenic mice leads to rapid development of lymphomas (Bodrug et al., 1994; Lovec et al., 1994) .
Several lines of evidence suggest that particular D cyclins may have specialized functions in distinct cell types, despite the fact that they share substantial sequence homology (Matsushime et al., 1991a; Xiong et al., 1992) and a common affinity for interacting with CDK4 and CDK8 (reviewed by Sherr, 1994) . Each of the D cyclins has its own distinct pattern of tissue-specific expression and accumulate8 with distinct kinetics following mitogen challenge, hinting at specialized roles in cell cycle progression (Matsushime et al., 1991 b; Motokura et al., 1992) . In addition, the various D cyclins display dramatically different patterns of expression during the terminal differentiation of muscle cells (Rao et al., 1994; Kiess et al., 1995; Skapek et al., 1995) and neurons (Tamaru et al., 1993 (Tamaru et al., , 1994 .
To understand the distinct roles played by the D cyclins in the proliferation and differentiation of various cell types, we have used the technique of gene targeting in embryonic stem (ES) cells and created mice lacking cyclin Dl , D2, or D3. In the present paper, we describe mice that lack cyclin Dl. We report here that mice deficient in cyclin Dl, a presumed vital component in promoting cell proliferation, are viable and show deficiencies restricted to a surprisingly narrow set of tissues. The coding exons are depicted by stippled boxes and are numbered; the open box denotes the noncoding portion of the first exon. The structure of the noncoding portion of the fifth exon hashot been determined.
Genomic fragments used as probes for Southern blotting are depicted as closed boxes (probe A and probe 6); arrows denote PCR primers (C. H, and IV) used for genotyping the animals. 
Results

Generation
of Cyclin Dl-I-Mice To create a targeted mutation in the murine cyclin Dl gene, we isolated the mouse genomic fragment encoding cyclin Dl and determined its physical map, including exonl intron structure (Figure 1 A) . As is the case with its human counterpart (Motokura and Arnold, 1993) , the coding sequence of the mouse cyclin Dl gene is assembled from five exons that are spread over a genomic distance of more than 7 kb ( Figure 1A ). The exonlintron boundaries of murine cyclin Dl gene were found to lie at precisely the same sites as those reported for the human cyclin Dl (Motokura and Arnold, 1993) D2, and D3 genes (Inaba et al., 1992) .
We prepared a gene targeting construct by deleting a restriction fragment containing the coding portion of exon I as well as exons II and Ill and replacing it with a cassette expressing the neo gene. These exons were chosen for deletion because they encode the so-called cyclin box, a stretch of over 100 amino acid residues that is conserved among the cyclins of all eukaryotes and is believed to be essential for cyclin function (Xiong and Beach, 1991) .
Following electroporation, 141 ES clones were selected using the positive-negative selection method (Mansour et al., 1988) expanded, and screened for homologous recombination events by Southern blotting analysis of their DNA ( Figure 1B ). Of these, 52 clones (37%) were found to be heterozygous at the cyclin Dl locus. Six ES cell clones were expanded and injected into mouse blastocysts, yielding founder chimeric mice; two ES cell clones contributed to the germline in chimeric mice, giving rise to cyclin Dl heterozygotes. Heterozygotes were bred to produce cyclin Dl-'-mice, which were identified by Southern blotting and polymerase chain reaction (PCR) amplification of tail DNA ( Figure 1C ). The absence of cyclin Dl protein in mutant mice was confirmed by Western immunoblot analysisof embryonal fibroblast lysates (Figure 1 D) .
Phenotype of Cyclin Dl-'-Mice Approximately one fourth of the offspring born in cyclin Dl +I-x cyclin Dl +I-crosses were found to be of the cyclin Dl-'-genotype, indicating no significant embryonic lethality. At birth, these homozygotes appeared to be indistinguishable from wild-type and heterozygous littermates, although their weight was slightly lower. By 2 weeks of age, it became evident that the cyclin Dl-'-mice grew more slowly; their growth retardation was most pronounced at 3 weeks of age ( Figure 2A) . A majority of the mutant mice died early in life, often within the first month. These were usually the smallest animals, which had failed to thrive, suggesting that starvation contributed to their death. Some of the mutant animals began to gain weight after a delay of some weeks ( Figure 2A ) and survived for as long as 5 months. However, they continued to show lower-thanaverage weight and increased mortality.
A neurological abnormality was indicated by the observation that the mutant mice retracted their limbs toward the trunk when they were lifted by their tails, in contrast with wild-type and heterozygous littermates, which invariably responded by extending their legs (Figure 28 ). This abnormal leg-clasping reflex was first evident at approximately 2 weeks of age and was most pronounced by 3 weeks. It persisted in older animals but then involved clasping of only the hind limbs. The most affected of the young mutants remained in a clasped, flexed position for a few seconds after they had been returned to the cage. They also displayed difficulty in regaining a normal body position when placed on their backs. Older mutant animals also exhibited a hunched posture. The above phenotypes were evident in more than 100 cyclin Dl-'-mice studied, although the severity of the symptoms varied from animal to animal. Cyclin Dl heterozygotes were indistinguishable from their wild-type littermates at all stages of life.
Effects on Retinal Development Histopathological examination of cyclin Dl-'-mice revealed essentially normal morphogenesis in all tissues analyzed (data not shown). One clear exception was provided, however, by analysis of the retinas of these mice, which showed a dramatic reduction in cell numbers in all cell layers of the neural retina ( Figures 3A and 38 ). In addition, the thickness of the inner plexiform layer, which is composed of cell projections connecting ganglion cells and the inner nuclear layer, was also reduced. Nonetheless, as revealed by electron microscopy, the general architecture of the retina and retinal cell ultrastructure appeared well maintained (data not shown). One exception to this was provided by the photoreceptor outer segments, which appeared shortened and disorganized but contained well-formed discs (data not shown). No reduction in cell numbers was found in the retinal pigmented epithelial layer. These epithelial cells were seen to have normal morphology as revealed by electron microscopy (data not shown).
The drastic reduction in retinal cell number could be explained by two mechanisms. It was possible that proliferation of cyclin Dl-'-retinal precursor cells was impaired during embryonic development. Alternatively, the mutant mice might have initially developed normal retinas that later experienced a massive loss of cells due to a degenerative process. To distinguish between these two possibilities, we performed histologic analysis of retinas from wildtype and mutant embryos collected at 12.5, 14.5, 16.5, and 18.5 days postcoitum (dpc) and 1, 5, and 16 days postpartum (dpp) and at 5 months. The decreased number of cells in the retinas of mutant mice was observed as early as 16.5 dpc. The difference became even more apparent at 18.5 dpc and was pronounced at 1 and 5 dpp (data not shown). At 16 dpp, a time when retinal development is near completion, the mutant mice already displayed a full-blown retinal phenotype ( Figures 3A and 3B ) that did not differ from that seen in older mutant animals up to 5 months of age (data not shown). These observations indicated that the observed reduction of retinal cell number was due to the severely reduced ability of mutant retinal cell precursors to proliferate during embryonic development. Electroretinographic (ERG) studies indicated that the hypoplastic retina was able to respond properly to light. Thus, electrophysiologic potentials generated in the retina were measured following exposure of mice to ashort pulse of light. Two waves of electrical signaling can be observed in this procedure: the a wave arises mainly from the photoreceptors, while the b wave is generated largely by bipolar cells (Stockton and Slaughter, 1989; Steinberg et al., 1991) .
Testing of cyclin Dl-'-mice showed an approximately lo-fold reduction of their ERG amplitudes (Figures 3C and 30) . Specifically, the amplitudes of the a and b waves of cyclin Dl mutant mice were found to be 23 f 8 flV and 92 2 20 ftV (mean f SD), respectively, while the corresponding values for wild-type mice were 264 + 35 ~.LV (a wave) and 698 f 171 f~V(b wave). The observed reduction in ERG amplitudes could be accounted for by the reduction in cell number and shortened outer segments. Significantly, the mutant mice showed generally normal implicit (latency) times for both a and b waves.
Taken together, the ERG results indicated that the cells in the retinas of cyclin Dl-'-mice are fully functional, in consonance with the generally well-maintained architecture of their retinas. By analogy to human retinopathies in which similar reduction of ERG potentials does not drastically impair vision (Berson, 1993) we assume that the residual retinal tissue of mutant mice afforded them some visual capacity. The ERG and retinal structures of cyclin Dl heterozygotes were indistinguishable from that of wildtype animals (data not shown). Time (msec)
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Expression of Cyclin D1 during Mouse Embryonic Development In an attempt to understand these discrete, highly focused developmental aberrations seen in cyclin 01-1-mice, we examined the pattern of cyclin 01 mRNA expression during embryonal development of normal mice through use of in situ hybridization. These analyses provided a striking and unexpected explanation for the phenotypes described above. When the entire mouse embryo was examined, cyclin 01 mRNA expression was found to be most intense in the developing retina and very high in the brain (Figure 4) . The retinal expression of cyclin 01 was first observed at 11 dpc but was most pronounced at 14.5 dpc (Figures 4A and 48) . At this stage of development, the level of expression in the retina was dramatically higher than in all other tissues of the developing embryo except for the brain. Within the retina, equal intensity of staining was observed throughout the entire neural layer, while the pigmented epithelial layer showed no staining ( Figure 48) .
A composite photomicrograph of a sagittal section through a 14.5 dpc mouse embryo demonstrates that an exposure time that sufficed to show an intense hybridization signal in the retina failed to reveal significant cyclin 01 expression in all other tissues ( Figure 4A ). We note that an intense staining of brain ventricles ( Figure 4C ), although lower than that seen in the retina, could not be observed in Figure 4A owing to the particular sectioning plane analyzed. Longer exposure times revealed still lower but significant levels of cyclin 01 mRNA in several other organs such as the sympathetic trunk, the lungs ( Figure  40 ), and the tongue ( Figure 4E ).
The profound effects of cyclin 01 inactivation on retinal development are most likely related to the intense expression of cyclin 01 in this tissue in wild-type mice. While no specific lesions were identified in the nervous system of mutant mice, the observed neurological phenotype and high levels of cyclin 01 in the developing brain may also be causally linked.
Proliferation of the Mammary Epithelium during Pregnancy
Mutant cyclin 01-/-females that survived until adulthood passed through sexual maturation. The breast tissue of these mice was able to achieve a fully developed state as judged by both histologic and whole-mount analysis ( Figures 5A and 58) . The latter method makes it possible to visualize mammary epithelial duct development. As is evident from Figure 58 , the epithelial ducts of adult mutant mice were well developed and were able to form side branches.
A dramatic anomaly in mammary function first became manifest after cyclin 01-/-females delivered pups. These females were unable to nurse because of a defect in pregnancy-associated mammary tissue proliferation.
The mammary epithelium of female mice normally undergoes a massive expansion during pregnancy (compare Figures 5A and 5C ). Specifically, the mammary epithelial ducts form side branches and develop numerous alveolar structures that cluster together to form lobules that fill the entire mammary fat pad ( Figure 5E ). Once secretion of milk begins, the alveoli become distended ( Figure 5G ).
The mammary glands of the pregnant mutant mice provided a striking contrast with the normal pregnancyinduced response. These mutant cyclin 01-/-glands displayed a dramatic impairment in the expansion of mammary epithelium. In particular, the development of alveolar lobules that normally occurs during pregnancy was virtually absent in the mutant mice (Figures 50, 5F , and 5H). The number of side branches clearly increased during the pregnancy of the mutant mice, and small clusters of alveoli were formed (compare Figures 58 and 50 ), but the overall b, bronchus; h, heart; I, lung; s, sympathetic ganglion; SC, spinal cord. (E) Coronal section through the oral and nasal cavities of a 12 dpc mouse embryo. Abbreviations: hf, hair follicle; n, nasal septum; t, tongue; v, vomeronasal organ (Jacobson's organ). Scale bar in (A), 500 pm; in (B), 100 urn; in (C)-(E) as represented in (E), 100 pm. Specimens were photographed by double exposure using dark-field illumination with a red filter and Hoechst epifluorescence optics. The blue color represents the Hoechst staining of cell nuclei, and the red represents the cyclin Dl hybridization signal. rate of expansion was inconsequential when compared with the pregnancy-associated epithelial proliferation seen in the mammary glands of wild-type mice ( Figures  5E and 5F ).
Ovarian Steroid Hormones and Estrogen Receptors
The ovarian steriod hormones estrogen and progesterone are largely responsible for inducing the lobuloalveolar development of the breast during pregnancy (Bresciani, 1966 ). Thus, it was possible that the failure of mammary proliferation in the cyclin Dl-'-mutant mice was due to inadequate levels of these hormones. This was rendered less likely by the observed capacity of mutant mice to become pregnant and to bear offspring to full term and by the normal gross and microscopic structure of their uteri (data not shown).
We reinforced this conclusion by measuring the levels of estrogen and progesterone in the peripheral blood of pregnant (16.5 dpc) mice and at 1 day after delivery in cyclin Dl-'-and wild-type females. We chose 16.5 dpc because blood progesterone levels are known to peak at this time (Barkley et al., 1979) . We found that the hormone levels in the two types of mice were comparable (Table  1) and fell within the normal range (Barkley et al., 1979) .
Much of the hormone responsiveness is mediated by the estrogen receptor (ER) expressed by cells of the mammary gland. The expression of this receptor is required for both the estrogen-induced proliferation of the mammary epithelium and for responsiveness to progesterone (Haslam, 1966a (Haslam, , 1969 . For this reason, we compared the proportion of ER-positive cells in the mammary glands of nulliparous and pregnant (16.5 dpc) mice. In the immunoperoxidase method that we used to detect the ER, the intensity of staining quantitatively reflects the content of ER in the nucleus (Bacus et al., 1966) thereby allowing a rough estimate of the amount of ER present in cell nuclei. When The concentrations of progesterone and estradiol were determined in peripheral blood of 16.5 dpc pregnant mice (16 dpc) or 1 day after delivery as described in Experimental
Procedures. The concentrations are presented as means f SD and are expressed in nanograms per milliliter for progesterone and picograms per milliliter for estradiol. The number of animals analyzed: n = 6 for wild type, 16.5 dpc; n = 4 for cyclin Di+, 16.5 dpc; n = 4 for wild type, 1 day after delivery; n = 2 for cyclin Dim'+, 1 day after delivery. normal and mutant breast tissue was compared in this way, no apparent differences were observed in either the fraction of ER-positive ceils or in the intensity of nuclear staining (data not shown).
wild-type
We concluded that the mammaryepithelial cell proliferation defect seen in the mutant mice during pregnancy could not be ascribed either to the deficiency of circulating ovarian steroid hormones or to the absence of ER, but reflected instead a defect in the hormone responsiveness of the target organ.
Discussion
The functions of the three mammalian D-type cyclins remain incompletely understood. Of these three, cyclin Dl is the best studied. In vitro inactivation of cyclin Di by injection of antibodies or antisense plasmids into cultured fibroblasts has been found to block proliferation of these cells. In addition, expression of cyclin Dl has been documented in almost all nontransformed cell lines examined (reviewed by Sherr, 1994) . For these reasons, we anticipated that a homozygous inactivation of the cyclin Dl gene in the mouse germline would severely compromise cell proliferation in the developing embryo, leading in turn to early embryonic lethality.
cyclin Dl -/- The observed limited effects of the cyclin Dl -'-genotype were therefore unexpected. Cyclin Dl is apparently clispensable for the proliferation of the majority of tissues in which, we speculate, other D-type cyclins provide substitutes for its functions. We discuss three discernible consequences of cyclin Dl loss below.
The Neurological Phenotype The behavioral phenotype observed in cyclin Dl-'-mice, in particular the abnormal limb reflex (Figure 28 ) provides clear indication of an abnormality in the functioning of the nervous system. Clasping of the limbs has been reported in several spontaneously arising neurologic mutants and in mutants generated by targeted disruption of genes critical for the development or functioning of neurons (Urbanek et al., 1994 , and references therein). While no obvious histopathological abnormalities were found in the nervous system of cyclin Dl+ mice, minor neuroanatomical defects might suffice to cause these neurological symptoms (for example, Klein et al., 1994) ; such lesions would have escaped our attention.
Our in situ hybridization analysis did demonstrate very high expression of cyclin Dl mRNA in the developing brain ( Figure 4C ) and significant levels in the developing sympathetic trunk ( Figure 4D ), but only very low levels in the adult brain (data not shown). Others have reported that expression of cyclin Dl increases during the maturation of rat brain (Tamaru et al., 1993 ). The precise impact of cyclin Dl deficiency on the functional development of the nervous system will remain obscure until specific neuroanatomical lesions can be identified in cyclin Dl-'-animals.
The Retinal Phenotype
In striking contrast with the great majority of mouse tissues in which loss of cyclin Dl is inconsequential for development, we find that the retinal precursor cells are critically dependent on cyclin Dl for their proliferation. Independent of this observation was the finding of extremely high levels of cyclin Dl expression in this tissue. As is evident from Figure 4A , the level of cyclin Dl mRNA in the developing retina is dramatically higher than that seen in all other tissues during a period when many embryonal tissues are known to be in a highly proliferative state (Kaufman, 1992) . These observations provide us with a rationale for the described retinal phenotype. Thus, we speculate that the proliferation of cells in the developing neural retina is driven by and indeed requires unusually high levels of cyclin Dl.
We are also struck by the fact that a rare malignancy of this tissue, retinoblastoma, led to the discovery of important mechanisms regulating progress of the cell through the Gl phase of the cell cycle. Cyclin Dl, working with its partner CDKs, is known to be responsible for triggering pRB phosphorylation and functional inactivation (reviewed by Weinberg, 1995) . Furthermore, cyclin Dl is able to bind pRB directly (reviewed by Sherr, 1994) . Given this connection, it seems more than a coincidence that two independent lines of experimentation, one studying the human Rb gene and the other the mouse cyclin Dl gene, have converged on this small, highly specialized tissue.
Recognizing the clear differences between human and mouse retinas, notably the lack of retinoblastomas in IX-'-mice (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992) we suggest that this apparent coincidence may reflect some common underlying molecular process responsible for regulating retinal cell proliferation and differentiation. For example, retinal cells may require especially high levels of pRB to block Gl progression prior to endstage differentiation. Retinal cells may also express especially high levels of cyclin Dl to neutralize pRB when proliferation is required during normal development. Such high dependence on pRB may in turn create a special predilection for malignant retinal cell transformation should pRB function be compromised by Rb gene mutation.
Breast Epithelial Phenotype
Most striking was the severe impairment of mammary epithelial cell proliferation in mutant mice during pregnancy. As is the case in humans, the intense proliferation of the mouse mammary epithelium occurs during two welldefined periods of life, namely, ductal elongation at puberty and ductal side branching and lobuloalveolar formation during pregnancy. The ductal elongation seen at puberty is directly stimulated by estrogen but is refractory to progesterone treatment (Haslam, 1988b) .
Once mice reach sexual maturity and their breast tissue becomes fully developed, the mammary epithelial cells acquire progesterone receptors and no longer proliferate in response to estrogen alone. Indeed, they now require both estrogen and progesterone for their proliferation, which results in ductal side branching and lobuloalveolar development during pregnancy (Wang et al., 1990) . We also note that expression of the progesterone receptor is induced by the action of estrogen in adult but not developing mammary epithelium (Haslam, 1988a) .
It isclearthatthemammaryglandsof cyclin Dl-l-mutant females attain an essentially fully developed state during sexual maturation, as evidenced by both whole-mount analysis ( Figure 58 ) and histology (data not shown) The possibility of some subtle retardation of this development could not be ruled out in our study owing to the limited number of animals analyzed and their mixed genetic background. A clear and dramatic impairment of mammary gland proliferation is first observed during pregnancy. While the mammary epithelium of wild-type animals develops numerous side branches and forms large clusters of alveoli ( Figures 5C, 5E , and 5G), this pregnancy-associated response in the mutant mice is dramatically reduced (Figures 5D , 5F, and 5H).
Numerous hormones have been found to act in concert to induce full development and lactation of the mammary gland during pregnancy. Included here are the ovarian steroids estrogen and progesterone, the pituitary hormones prolactin and growth hormone, as well as adrenal steroids (Nandi, 1958) . However, the critical role in stimulating mammary epithelial proliferation during this period has been ascribed to the ovarian steroids (Haslam, 1988b; Wang et al., 1990) .
As reported here, the observed phenotype cannot be ascribed to the absence of ovarian hormones in the pregnant mutant females or to the lackof ERs in their mammary epithelial cells. We anticipate that the progesterone receptors will also be present in normal levels in the mutant breast but were unable to demonstrate this directly owing to the lack of appropriate reagents. We speculate that the lack of a proliferative response of the mutant cells is due to a downstream defect in signaling.
A critical role played by cyclin Dl in the regulation of mammary epithelial proliferation has long been suspected. Cyclin Dl gene amplification and protein overexpression have been demonstrated in a large fraction of human breast cancers (Buckley et al., 1993; Bartkova et al., 1994) and have been shown to correlate with poor prognosis and the presence of lymph node metastases (Schuuring et al., 1992) . The above observations are paralleled by the finding that transgenic mice engineered to overexpress cyclin Dl in their breast tissue display mammary hyperplasia and succumb to breast cancers .
The in vivo expression pattern of D cyclins in the normal breast remains unclear. However, expression of all three D-type cyclins has been detected in breast epithelial cells cultured in vitro, cyclin Dl being rapidly induced following the exposure of these cells to various mitogens (Motokura et al., 1992; Buckley et al., 1993; Musgrove et al., 1993; C. Brisken and R. A. W., unpublished data) . In addition, a link between cyclin Dl and ovarian steroid hormones is suggested by the observation that in human breast cancers, the overexpression of cyclin Dl correlates with the expression of ERs and most likely progesterone receptors (Adnane et al., 1989; Buckley et al., 1993) . Finally, cyclin Dl -overexpressing breast cancer cells appear to depend critically on cyclin Dl for cell cycle progression, as the inactivation of cyclin Dl by injected antibodies or antisense oligonucleotides severely delays their entry into the S phase (Bartkova et al., 1994) , while ectopic induction of cyclin Dl in ER-positive breast cancer cell line is sufficient for cell cycle progression (Musgrove et al., 1994) . For these reasons, some have proposed that in ERcontaining breast cancer cells, the proliferative action of steroids is mediated by cyclin Dl Sutherland et al., 1993; Watts et al., 1994) . The present data lend considerable weight to the notion that the ovarian hormones act via cyclin Dl to drive the proliferation of mammary epithelial cells. However, in the absence of direct biochemical data, alternative mechanistic explanations can be entertained.
Our finding that the only obvious antiproliferative effects of cyclin Dl inactivation in adult mice are restricted to the mammary epithelium may encourage the development of therapeutic agents that specifically antagonize this cyclin. Such agents might prove to be highly selective in the treatment of malignancies of the breast while sparing the function of the other proliferating tissues in the adult,
The analysis of cyclin Dl-deficient mice has provided two important links between developmental biology and cancer. In both breast and retinal tissue, the absence of cyclin Dl has led to striking, highly specific developmental abnormalities. Evidence from other sources indicates that the cyclin DlpRB pathway is also perturbed during the tumorigenesis that occurs in these tissues; pRB function is lost in retinoblastomas while cyclin Dl function is amplified in many breast carcinomas (Buckleyet al., 1993; Bartkova et al., 1994) . These links might suggest that tissues that are driven to malignant transformation by the actions of certain genes may also show a special dependence on those particular genes for their normal development. Accordingly, an understanding of the specific developmental pathways utilized in various tissues may allow insights into the nature of the genes that play important roles in the conversion of these tissues to the malignant state. Figure 1A . A gene targeting vector was prepared as follows. A 3700 bp Eagi fragment of the mouse cyciin Dl gene (Sto the first coding exon) was filled in and subcloned into a blunted Xhol site of the pPNT vector (Jacks et al., 1992) . yielding a 3700-pPNT plasmid. The 3400 bp XbaiEcoRi genomic fragment (the EcoRi site deriving from the 1 vector poiyiinker sequence) was assembled in pGEM-42 piasmid. This fragment was released by digesting poiyiinker sequences with Asp71 8 and EcoRi and subcloned into Asp718-and EcoRidigested 3700-pPNT, yielding a cyclin Dl gene targeting vector.
Experimental Procedures
Notl-linearized targeting vector was electroporated into D3 ES cells (Gossier et al., 1986) . G418 and gancyciovir double-resistant ES clones were selected, expanded, and frozen essentially as described previously (Jacks et al., 1992) . The homologous recombination event is predicted to replace a 5200 bp Eagi-Xbai fragment of the cyciin Dl gene with a neo gene.
DNAwas isolated from 141 double-resistant ES cell clones, digested with Xbai, blotted onto Hybond-N membranes, and probed with a 500 bp Taql fragment of the cyciin Dl gene (probe A in Figure 1 ). The probe hybridizes to a 9.6 kb Xbai fragment derived from the wild-type allele, while the targeted locus is predicted to yield a 6.2 kb fragment ( Figures 1A and 18 ). Of the 52 ES ceil clones that were scored as being heteroxygous at the cyciin Dl locus, six were expanded and their genetic status further validated. Thus, the presence of additional integration sites was ruled out by probing Xbai digests of their genomic DNA with a neo gene probe; additionally Sfii-Asp718 digests were probed with a 1400 bp EcoRl fragment of cyciin Dl gene (3' EcoRi site derived from the polyiinker; probe B in Figure 1 ). Cyciin Dl heteroxygous ES ceils were injected into blastocyst-stage C57BU6 mouse embryos (approximately 15 ceils per blastocyst) and implanted into pseudopregnant ICR females as described previously (Jacks et al., 1992) . The resulting chimeras were bred to C57BU6 mice. The germiine transmission of injected ES ceils was scored by the inheritance of agouti color and by the genotyping of these animals. The resulting cyciin Dl heterozygotes were bred to produce homoxygous mice. For the genotyping, genomic DNA was isolated from animal tails, digested with Xbai, and analyzed by Southern blotting using probe A or by PCR ( Figure 1C) . PCR was performed by denaturing the DNA at 94% for 1 min, followed by 30 cycles of amplification: 94% for 1 min, 66% for 1 min, 72W for 1 min, and a final extension step at 72% for 5 min. The following cyciin Di-specific primers were used (Figures 1 A and 1C) : C (5'-TAG CAG AGA GCT ACA GAC TTC G-31, H (Y-CTC CGT CTT GAG CAT GGC TC-3'). and a neo genespecific primer, N (5"CTA GTG AGA CGT GCT ACT TC-3').
Embryonic fibrobiasts were isolated from 13.5 dpc wild-type or cyciin Dl embryos essentially as described previously (Robertson, 1987) 
ERG Testing
Mice were adapted to the dark for 12 hr before testing. Testing was conducted essentially as described previously (Olsson et al., 1992 ) except that electrodes were placed in direct contact with the cornea. ERGS were elicited from one eye of each animal with 0.1 Hz, 10 us flashes of bright white light. Signals were differentially amplified, digitized, and filtered. We tested five wild-type and five cyclin Dl-'-mice. For each animal analyzed, four separate responses were generated, and a composite tracing was averaged by computer. Representative tracings for each genotype are presented in Figures 3C and 30 . With this setup, the a wave amplitudes in wild-type adult pigmented mice fall in the range between 100-300 pV, while b wave amplitudes fall in the range of 400-1200 uV. The implicit (flash onset to peak) times are in the range of 15-30 ms for the a waves and 45-75 ms for the b waves (T. L. and B. Pawlyk, unpublished data).
In Situ Hybridlzatlon
In situ hybridizations were performed on mouse embryos from 9 to 14.5 dpc and on adult tissues as previously described (Wilkinson, 1993; Parker et al., 1995) . Standard protocols for collecting, embedding, and sectioning the tissues were employed. pBluescript mouse cyclin Dl cDNA (Matsushime et al., 1991 b) was linearized with Hindlll, and antisense transcripts were generated using T3 polymerase. Specimens were hybridized with [36S]UTP-labeled riboprobes.
Mammary
Gland Whole Mounts lnguinal mammary glands were dissected, spread onto a glass slide, fixed in a 1:3 mixture of glacial acetic acid:ethanol, hydrated, stained overnight in 0.2% carmine (Sigma) and 0.5% AIK(SO&, dehydrated in graded solutions of ethanol, and cleared in toluene and methyl salicylate essentially as described previously (Wang et al., 1990 ).
Measurement of Serum Sterold Hormone Levels
Peripheral blood was collected from the orbital venous sinus of pregnant mice (16.5 dpc) or 1 day after delivery. Serum was collected by centrifugation and kept at -80°C. Progesterone and estradiol levels were measured by immunoassay using rabbit polyclonal antibodies generated by the Reproductive Endocrine Unit Laboratory at Massachusetts General Hospital (Boston, MA) as described previously (Hall et al., 1992) .
ER lmmunocytochemlstry lnguinal mammary glandswere dissected from nulliparous or pregnant (16.5 dpc) mice, mounted in OCT compound (Miles), and snap-frozen in isopentane.
Cryostat sections (6 pm) were fixed for 5 min at room temperature in 10% formalin in PBS, followed by methanol for 3-5 min at -lO°C, acetone for 1-3 min at -lO°C, and two rinses in PBS for 5 min each. The immunoperoxidase staining was performed as described previously (Haslam and Nummy, 1992) with the exception that the ImmunoPure metal-enhanced DAB substrate kit (Pierce) was used for chromagen development. Nuclei were counterstained with 1% methyl green for 1 min. Anti-ER monoclonal antibody H222 was a gift of Abbott Labs.
